Although the soils in the Tibetan Plateau shrublands store large amounts of total nitrogen (N), the estimated values remain uncertain because of spatial heterogeneity and a lack of field observations. In this study, we quantified the regional soil N storage, spatial and vertical density distributions, and related climatic controls using 183 soil profiles sampled from 61 sites across the Northeast Tibetan Plateau shrublands during the period of 2011-2013. Our analysis revealed a soil N storage value of 132.40 Tg at a depth of 100 cm, with an average density of 1.21 kg m −2 . Soil N density was distributed at greater levels in alpine shrublands, compared with desert shrublands. Spatially, soil N densities decreased from south to north and from east to west, and, vertically, the soil N in the upper 30 and 50 cm accounted for 42% and 64% of the total soil N stocks in the Tibetan Plateau. However, compared with desert shrublands, the surface layers in alpine shrublands exhibited a larger distribution of soil N stocks. Overall, the soil N density in the top 30 cm increased significantly with the mean annual precipitation (MAP) and tended to decrease with the mean annual temperature (MAT), although the dominant climatic controls differed among shrubland types. Specifically, MAP in alpine shrublands, and MAT in desert shrubland, had a weak effect on N density. Soil pH can significant affect soil N density in the Tibetan Plateau shrublands. In conclusion, changes in soil N density should be monitored over the long term to provide accurate information about the effects of climatic factors.
Introduction
Nitrogen (N) is a significant stimulant of plant growth [1, 2] and an important limiting element in terrestrial ecosystems [3] . The levels of anthropogenic reactive nitrogen in the terrestrial ecosystem have increased in recent decades [4, 5] , and the accelerated industrialization and use of N fertilizer have significantly affected N cycles [1, 6, 7] . For example, the availability of inorganic N has increased [8] , and the rate of N flux to the biosphere has doubled [9] . Currently, the increase in N deposition is expected to continue [7, 10] , and reports suggest that soil may function as an N sink in terrestrial ecosystems [11, 12] .
Soil-the largest N reservoir in the terrestrial ecosystem-contains a larger amount of N than vegetation [13] . Consequently, the dynamics of soil N not only determine whether the terrestrial ecosystem functions as a N sink or source [14] , but can even alter the biogeochemical cycles of other
Materials and Methods

Study Area
The study was conducted in regions of distributed shrubland on the Northeast Tibetan Plateau (Figure 1 ). These shrubland biomes, which comprise one of the most important ecosystems, predominantly contain woody plants with an average height <5 m and a coverage level exceeding 30% [34] . The shrubland ecosystems in the study regions predominantly comprised both alpine and desert shrubland biomes [35] . Alpine shrublands mainly consist of mesophytes, are distributed throughout wet areas, and are dominated by Rhododendron capitatum, R. thymifolium, Potentilla fruticosa, and Sibiraea laevigata biomes, which can endure a cold, windy, dry, and snowy environment. A variety of mesophyte herbs is distributed in the alpine shrublands, whereas desert shrublands mainly consist of super-xerophytic and sparse vegetation, and are distributed throughout dry regions, such as Qaidam Basin, and contain Sympegma ragelii, Kalidium foliatum, Nitraria tangutorum, and Salsola abrotanoides biomes. In these regions, evaporation significantly exceeds precipitation, and there are few super-xerophytic herbs in the desert shrublands. Compared with the meadow soil in alpine shrublands, the desert soil in desert shrublands was very infertile and thin [35] . The less-distributed leguminous plants can fix atmospheric N, for wood plants, such as Caragana Fobr [36] , species of C. jubata, and for herbs, such as Oxytropis, species of O. falcate, and Astragalus, species of A. hendersonii and A. polycladus. The MAP range, MAT range, and the mean elevation were 17.6-764.4 mm, −5.6-8.9 • C, and >3500 m, respectively [37] . predominantly contain woody plants with an average height <5 m and a coverage level exceeding 30% [34] . The shrubland ecosystems in the study regions predominantly comprised both alpine and desert shrubland biomes [35] . Alpine shrublands mainly consist of mesophytes, are distributed throughout wet areas, and are dominated by Rhododendron capitatum, R. thymifolium, Potentilla fruticosa, and Sibiraea laevigata biomes, which can endure a cold, windy, dry, and snowy environment. A variety of mesophyte herbs is distributed in the alpine shrublands, whereas desert shrublands mainly consist of super-xerophytic and sparse vegetation, and are distributed throughout dry regions, such as Qaidam Basin, and contain Sympegma ragelii, Kalidium foliatum, Nitraria tangutorum, and Salsola abrotanoides biomes. In these regions, evaporation significantly exceeds precipitation, and there are few super-xerophytic herbs in the desert shrublands. Compared with the meadow soil in alpine shrublands, the desert soil in desert shrublands was very infertile and thin [35] . The lessdistributed leguminous plants can fix atmospheric N, for wood plants, such as Caragana Fobr [36] , species of C. jubata, and for herbs, such as Oxytropis, species of O. falcate, and Astragalus, species of A. hendersonii and A. polycladus. The MAP range, MAT range, and the mean elevation were 17.6-764.4 mm, −5.6-8.9 °C, and >3500 m, respectively [37] . 
Field Investigation and Laboratory Measurements
To estimate the soil N storage and density patterns, 183 soil profiles at 61 sites across the Northeast Tibetan Plateau were systematically surveyed during the summers (July-August) from 2011 to 2013. Firstly, a preliminary ascertainment of sites based on China's vegetation atlas with a scale of 1:1,000,000 [38] (Figure 1 ) was conducted in the laboratory. Then, we confirmed whether these selected sites could represent an estimation in the field. The areas selected in the study should be larger than 1 hm 2 to give a relatively evenly distribution of species composition, habitat, and community structure [39] . One plot was excavated in each site, the size of which was 1 m (length) × 1.5 m (width) × 1 m (height) (Figure 2) . Then, descriptions about the soil profiles were noted, such as color and firmness [39] . Three soil profiles such as front profile, right profile, and left profile, as shown 
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Climate Data
To investigate the potential effects of climatic factors on soil N, climatic data (MAP and MAT) for each site were derived from the Global Climate Data (http://www.worldclim.org/) at a spatial resolution of 1 km 2 .
Calculation of Soil N Storage
First, we calculated the soil N density for each soil profile using Equation (1) .
where Ti is the soil thickness (cm); NDi is the soil N density at i (cm); and BDi, Ni, and Ci are the bulk density (g•cm −3 ), total N (g•kg −1 ), and volume percentage of the fraction >2 mm at layer i (cm), respectively. In order to evaluate the relationship between soil N density and soil depth, we referred to the methods of Dintwe et al. Their relationship was expressed using the exponential function [40] . The 
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where Ti is the soil thickness (cm); ND i is the soil N density at i (cm); and BD i , N i , and C i are the bulk density (g·cm −3 ), total N (g·kg −1 ), and volume percentage of the fraction >2 mm at layer i (cm), respectively. In order to evaluate the relationship between soil N density and soil depth, we referred to the methods of Dintwe et al. Their relationship was expressed using the exponential function [40] . The relationship between soil N density and soil depth in this study was shown as ND(i) = a × e b×i , and a and b are statistical parameters [40] .
To evaluate the spatial soil N density patterns in the Tibetan shrublands, Kriging interpolation was used to scale up from the site level to the entire study region [41, 42] . This interpolation was performed using ArcGIS 10.2 (Environment Systems Research Institute, Inc., Redlands, CA, USA), which interpolated actual measurements from the 183 soil profiles across 61 sampling sites.
The total soil N storage (NS) was then computed using Equation (2) as follows:
where Area i and ND i are the surface area and total soil density of the different shrubland types, respectively.
Statistical Analysis
The Turkey test was used to evaluate whether the soil N densities of the alpine and desert shrublands differed significantly at a 5% level (p < 0.05). Ordinary least squares regressions were used to estimate relationships among soil N density, MAT, and MAP. All analyses were performed using the R software package (R Project for Statistical Computing, Vienna, Austria), and graphs were generated using SigmaPlot 12.5 (Systat Software, Inc., Point Richmond, CA, USA).
Results
Soil N Storage and Density
In the Northeast Tibetan Plateau shrublands, the total soil N storage within a 100 cm depth was estimated at 132.40 Tg. The estimated soil N storage in the alpine shrublands (102.96 Tg) was significantly higher than that in the desert shrublands (29.44 Tg) (p < 0.05), and the ranges of the soil N storage are shown in Table 1 .
The respective soil N densities in the desert and alpine shrublands ranged from 0.01 to 0.34 kg m −2 and 0.03 to 1.87 kg m −2 at a 30 cm depth, from 0.03 to 0.68 kg m −2 and 0.20 to 2.69 kg m −2 at a 50 cm depth, and from 0.06 to 1.32 kg m −2 and 0.25 to 4.72 kg m −2 at a 100 cm depth. The mean soil N densities among all desert and alpine shrubland sites at the three soil depths (30, 50 , and 100 cm) were 0.14 and 1.08 kg m −2 , 0.24 and 1.61 kg m −2 , and 0.44 and 2.40 kg m −2 , respectively ( Table 1 ). The mean overall soil N densities in the Northeast Tibetan Plateau shrublands at the same depths were 0.51, 0.78, and 1.21, respectively. 
Spatial and Vertical Distributions
Soil N densities varied markedly across the 61 sampling sites (Figure 3 ). Spatially, soil N densities in the top 30 cm decreased from south to north and from east to west, with the lowest distribution in the northwest, similar to the top 50 cm and 100 cm (Figure 3) . Vertically, soil N storage in the 30 cm and 50 cm surface layers accounted for 42% and 64% of the total 100 cm in the Tibetan Plateau shrublands (Table 1) . Compared with the desert shrublands, the alpine shrublands soil had higher distributions of N stocks (32% vs. 45% at 30 cm and 55% vs. 67% at 50 cm; Table 1 ). Soil N density decreased with depth in the exponential function (Table 2) . 
Controlling Factors Affecting Soil N Patterns
Climatic factors can significantly affect soil N density in the top 30 cm. Overall, the soil N density in the Tibetan Plateau shrublands decreased significantly with the MAT and tended to significantly increase with the MAP (Figure 4A,B) . Furthermore, the multiple regression showed that soil N density = −0.127 MAT + 0.002 MAP + 0.410 (p < 0.001, R 2 = 0.57). However, different climate control 
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Discussion
Soil N Density
In our study, the soil N density at 100 cm was 1.21 kg m −2 , consistent with values from an earlier study of Chinese shrublands (0.81-2.11 kg m −2 ) [14] . In another Chinese study, Yang et al. (2007) , estimated mean soil N densities of 0.38, 0.56, and 0.84 kg m −2 at depths of 30, 50, and 100 cm, respectively, which were lower than our corresponding values of 0.51, 0.78, and 1.21 kg m −2 . A previous study found that the densities of soil N stores potentially increase at high altitudes [22] as a result of both an increase in the organic matter input rate [43] and a decrease in the decomposition rate [22] . Therefore, the larger soil N stocks in high altitude ecosystems (such as Tibetan Plateau shrublands) relative to the mean soil N density in China are attributed to higher densities.
Soil N densities vary significantly among vegetation categories [19] . It has been demonstrated that vegetation has a N-fixing function in arctic tundra watershed ecosystems [44] , and the N-fixing plants inevitably affect soil N density. In our study, soil N densities at depths of 30 cm, 50 cm, and 100 cm were significantly higher in alpine shrublands than those in desert shrublands (p < 0.05) ( Table  1) . N inputs from vegetation have significant effects on the soil N density [45] . There are three reasons to explain this difference. First of all, the MAP in most regions of alpine shrublands was between 400 
Discussion
Soil N Density
Soil N densities vary significantly among vegetation categories [19] . It has been demonstrated that vegetation has a N-fixing function in arctic tundra watershed ecosystems [44] , and the N-fixing plants inevitably affect soil N density. In our study, soil N densities at depths of 30 cm, 50 cm, and 100 cm were significantly higher in alpine shrublands than those in desert shrublands (p < 0.05) ( Table 1) . N inputs from vegetation have significant effects on the soil N density [45] . There are three reasons to explain this difference. First of all, the MAP in most regions of alpine shrublands was between 400 and 600 mm, while it was 100-200 mm-sometimes even no more than 100 mm-in most regions of desert shrublands. The MAT in alpine shrublands was nearly 0 • C [35] , while it was about 2 • C in sampling sites of desert shrublands. Compared with alpine shrublands, greater evaporation existed in desert shrublands [36] . Therefore, the climatic condition was that of extreme drought in the desert shrublands. Secondly, the growth season in alpine shrublands was from May to September [46] , while in desert shrublands the growth season was shorter, from June to September [47] . Thirdly, soil types in desert shrublands were mainly infertile and thin desert soil, while, in alpine shrublands, it was meadow soil, which can provide more nutrition to plants [30] . Therefore, compared with alpine shrublands, extreme drought conditions, shorter growth season, and infertile soils result in less biomass in desert shrublands: 1988 g m −2 in alpine shrublands vs. 1798 g m −2 in desert shrublands [48] . Furthermore, compared with desert shrublands, there is greater litterfall from alpine shrubland input to the soil [36] . Therefore, compared with desert shrublands, alpine shrublands provide more fruitful conditions for plant growth, thus facilitating the accumulation of soil N density.
Spatial and Vertical Soil N Density Distribution
Estimations of soil N stock patterns can facilitate predictions of the potential effects of global environmental change [19] . In our study, soil N densities decreased spatially from south to north and from east to west. Higher soil N densities were observed in the south and northeast, with lower densities in the northwest (Figure 3 ). Climatic factors can significantly affect soil N densities [17] . Precipitation levels on the Tibetan Plateau, which range from humid to semi-humid and from semi-arid to arid [37] , are roughly consistent with the observed decreasing trend in soil N density, and the temperatures ranging from alpine-temperate to alpine-cold zone [37] also exhibit a crude similarity to the increasing trend in soil N density.
Vertically, 42% and 64% of the total N stock were found at depths of 30 and 50 cm, respectively. These results were similar to those of Yang et al, who reported mean soil N proportions of 46% and 68% in the top 30 cm and 50 cm, respectively, in a Chinese study. Our results were also consistent with the reported mean global values (36-71% and 55-81% at 30 cm and 50 cm, respectively) [18] . Compared with desert shrublands, the surface soils of alpine shrublands contained more of the total soil N. Vegetation type significantly affects vertical soil N patterns [13] , such that the lower organic content input to top soils in desert shrublands is partly responsible for the lower soil N accumulation relative to alpine shrublands.
Relationship between Soil N Density and MAT
In our study, the observation that soil N density decreased with increasing MAT ( Figure 4A ) was consistent with Yang et al., who indicated that, in humid eastern China, the soil N density increased from the tropical to cold-temperate zones. Those results were coupled with decreased microbial mineralization attributed to the colder temperatures [49] . However, soil N density remained stable with increasing temperature in the desert shrublands ( Figure 4E ), by contrast to the negative trend in the alpine shrublands ( Figure 4C ) as the stimulating effect of higher temperatures on microbial decomposition is more obvious in humid zones (e.g., alpine shrublands) than in arid regions (e.g., desert shrublands) [19] .
If only the effects of global warming and the negative trend between soil N density and MAT are considered, one notices the potential for future decreases in soil N density in the alpine shrublands. It should be noted that anthropogenic nitrous pollutant emissions contribute to accelerate N deposition [50] . Therefore, changes in soil N should be subjected to additional monitoring and research in the future to accurately evaluate the relationships between MAT and soil N density under conditions of global warming.
Relationship between Soil N Density and MAP
We found that soil N density increased with increasing MAP across the Northeast Tibetan Plateau ( Figure 4B ). Similar findings were reported in the U.S. Great Plains, where decreases in soil N content from north to south were mainly attributed to decreased plant productivity, a consequence of decreasing precipitation [51] . Increased precipitation leads to an increase in vegetation productivity and, consequently, N densities increased in soil from arid to semi-arid and to humid zones ranging from west to east across Northern China [49] .
Although precipitation can stimulate the accumulation of soil N in desert shrublands ( Figure 4F ), the soil N density in alpine shrublands did not increase with MAP ( Figure 4D ). Precipitation can significantly stimulate plant production in water-limiting regions [52, 53] , where plant production is a major determinant [51, 52, 54] . Compared with alpine shrublands, desert environments are drier, and plant growth is more sensitive to precipitation.
Although precipitation levels are increasing across the Tibetan Plateau, mainly in northern areas, a decreasing trend has been observed in southern regions [55] . Therefore, we conclude that, relative to those in southern areas, desert shrublands in northern regions of the Tibetan Plateau will exhibit a greater potential for increasing soil N density as a consequence of increased precipitation. By contrast, precipitation levels will not significantly affect soil N densities in alpine shrublands.
Relationship between Soil N Density, MAT, and MAP
The multiple regression result showed that climatic factors (MAT and MAP) could explain 57% of the total variation of soil N density in the Tibetan Plateau shrublands, which means that soil N density in the Tibetan Plateau shrublands is sensitive to climatic factors. However, the controlling climatic factor was different in both alpine shrubland ( Figure 4D ,E) and desert shrubland ( Figure 4G,H) .
Shrubland expansion is a global phenomenon and is occurring in many ecosystems, such as savannas and grasslands [56] . This expanding involves shrublands replacing herbaceous regions [57] . It has been demonstrated that climatic influences played a significant role in driving vegetation changes in the Arctic [56] . Increasing MAT was an important mediator of transitions from herb tundra to shrub tundra [58] , and increased MAP also greatly contributed to Arctic vegetation changes [59] . Changing climatic conditions may also contribute to expansion of shrublands on the Tibetan Plateau. Soil N density differs in different vegetation categories [19] . Compared with herbaceous biomes, more litter comes not only from herbaceous lands, but also from shrublands in woody biomes. Thus, more litter input to the soil may contribute to soil N accumulation on the Tibetan Plateau in the future.
In the global climate change scenario, warming and increased precipitation not only have occurred [60] , but also the increasing precipitation was uneven on the Tibetan Plateau [55] . Combining the contrary effects of MAT and MAP and uneven changes of climatic factors, long-term monitoring of soil N density was necessary to provide a more accurate assessment of climatic effects on soil N density for a given shrubland type.
Relationship between Soil N Density and Soil pH
In our study, soil pH significantly influenced soil N density such that the soil N density decreased as soil alkalization increased. In an alkaline soil environment, reduced solubility and consequent deficiencies of iron, manganese, and zinc [61] could limit plant growth. Therefore, litter input to the soil will be reduced, and accumulation of soil N will be limited.
Soil pH will reduce results from an increase in nitrogen deposition [28] , which has been occurring on the Tibetan Plateau [50] . Therefore, soil pH has a trend of decreasing, which may promote an increase in soil N.
Conclusions
We investigated the soil total N storage, spatial and vertical density patterns, and related environmental factors using 183 soil profiles collected across the Northeast Tibetan Plateau shrublands. The estimated total N storage in the top 100 cm of soil was 132.40 Tg, and larger amounts of soil N were stored in alpine shrublands than in desert shrublands. Spatially, a decreasing trend in soil N density was observed from south to north and from east to west, whereas vertically, the top 30 and 50 cm of soil held 42% and 64% of the total N stores. Overall, climatic factors had significant effects on soil N density in the top 30 cm in the Tibetan Plateau shrublands, although these effects differed according to shrubland type. Soil N densities in alpine shrublands were more sensitive to temperature whereas in desert shrublands, only precipitation had a significant positive relationship on soil N density. Decreasing soil pH has the potential to promote an increase in soil N. Therefore, given the scenario of global climatic change, changes in soil N dynamics should be subjected to long-term monitoring, which will allow more accurate assessments of climatic effects on soil N density in the future.
